An experimental effort was performed in order to identify and quantify the structural changes to a two-dimensional turbulent boundary layer under the influence of a high spanwise aspect ratio slot synthetic jet. A comprehensive test matrix of key synthetic jet variables including non-dimensional stroke length, jet Reynolds number, and slot angle, was conducted in quiescent air, zero pressure gradient, and a mild adverse pressure gradient turbulent boundary layer flows. Time averaged and phase averaged features of the modified boundary layer flowfield were examined using hot-wire anemometry. Velocity profiles and turbulence data measured downstream of the actuator were compared for the range of actuator parameters with the baseline turbulent boundary layers.
Nomenclature

Cf
I. Introduction
HE expansion of performance flight envelopes through adverse force reduction using AFC has been a goal in the fixed wing and rotorcraft fields for many years. Recent experimental and computational efforts have shown the possible performance benefits of several AFC devices 1, 2 . One of the most studied active flow control device is the synthetic jet or zero-net mass flux jet. Substantial work has been done to characterize isolated synthetic jets in still air and the interaction of synthetic jets with a cross flow. This work has been reviewed in detail by Glezer and Amitay 3 . Typically comparisons of synthetic jets are conducted by using non-dimensional actuator parameters such as the jet Reynolds number and the stroke length 4 . Examples of applications using synthetic jets to control aerodynamic flows are abound in the literature. Zhang and Zhong 5 investigated turbulent boundary layer separation control with an array of circular orifice synthetic jets over a two dimensional ramp section. This work showed that the reduced frequency parameter was a key factor in determining effective flow control. Wilson et al. 6 showed that on a simple NACA 0036 airfoil the location and even the angle of the synthetic jets to the aerodynamic surface were found to be prime drivers of system effectiveness. Kim et al. 7 showed that the synthetic jet exit configuration changes the vortical structures and is therefore an important component in effective momentum transfer for separation control. In a more applied configuration, Schaeffler et al. 8 showed drag and download reduction with synthetic jet excitation on a rotorcraft fuselage under the influence of a rotor. Synthetic jet actuators have also been flight tested for download reduction on a XV-15 tiltrotor aircraft during hover. 9 There have been additional studies that characterize the interaction of a synthetic jet actuator with a canonical flat plate turbulent boundary layer. Schaeffler and Jenkins 10 produced a detailed dataset of an isolated synthetic jet with a turbulent boundary layer crossflow for validation with active flow control simulations. Jabbal and Zhong 11 investigated the near wall effect of circular orifice synthetic jet in a boundary layer and characterized the different vortical structures resulting from the flow control parameter space. Smith 12 studied the interaction of a turbulent boundary layer and an array of synthetic jet slots with both streamwise and spanwise configuration. The spanwise slot configuration produced a blockage effect on the boundary layer, while the streamwise oriented slots produced longitudinal vortices embedded in the boundary layer. Detailed work by Keirsbulck et al. 13 considered the effect of steady blowing on Reynolds stress and the turbulent structure in the near wall region.
In a real world application of AFC on an aircraft, actuators will be operated in an adverse pressure gradient as the turbulent boundary layer approaches separation. There have been numerous studies of APG turbulent boundary layers that document fundamental differences when compared to a ZPG flow. For example, the experiments of Skare and Krogtrad 14 in an equilibrium APG boundary layer, and the studies of Spalart and Watmuff
15
, both document the characteristic increase of the boundary layer shape factor, H, in the presence of an adverse pressure gradient, and the development of secondary turbulence intensity peak, which develops above the near-wall peak. The Reynolds stress distribution is considerably different across the boundary layer with the maximum Reynolds stress also shifted away from the wall, towards the middle of the boundary layer.
The main objective of the current work is to identify and quantify changes to the structure of both a ZPG and APG turbulent boundary layer generated by synthetic jet actuator (SJA) flow control for a range of actuator parameters and slot geometries. The expectation is that such changes serve as markers to identify and devise proper (successful) implementation of the technique for any application. Such predictability requires a clear and deep understanding of the turbulent boundary layer flow physics in the vicinity of, and under the influence of, the synthetic jet. The ultimate goal is to uncover this understanding and apply it towards developing predictable and reliable flow control methods for a specific flow situation.
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II. Experimental Setup
Investigations were conducted in a low-speed turbulent boundary layer wind tunnel, a U.S. Army Aviation Development Directorate facility at NASA Ames Research Center. The tunnel has a 9 ft long test section that is 3 ft wide with an entrance height of 1ft. The boundary layer was tripped at the test section entrance then free to develop along a smooth aluminum floor. The flexible ceiling also allows for a ZPG and an APG configuration. Freestream turbulence levels in the center of the ZPG test section are less than 0.1% for frequencies above 1 Hz. The streamwise pressure gradient was set to zero by slightly diverging the flexible ceiling plate to account for boundary layer growth. An adverse pressure gradient was established with an s-shape contour over the length of the test section. A schematic of the wind tunnel test section for these two configurations is shown in Figure 1 . Static pressure taps along the centerline of the test section floor and at several spanwise locations were used to verify the pressure gradient and flow uniformity. The centerline pressure distributions for ZPG and APG configurations are shown in Figure 2 .
A two-dimensional traverse system is mounted above the slotted test section ceiling for measurement of velocity profiles using single and two-component hot-wire probes. A TSI IFA300 constant-temperature hot-wire anemometer system and TSI Model 1218-T1.5 and 1243-T1.5 boundary layer probes, were used to measure velocity profiles in detailed streamwise planes. These probes have a wire diameter of 0.00015 in and a sensing length of 0.05 in. The hotwire time series was acquired for a sample time ranging from 3.28 to 26.21 seconds at a sample rate of 40 kHz and low-pass filtered at 20 kHz.
A TSI Model 1129 Automatic Calibrator was used for calibration of hot-wires over the full range of expected velocities. The x-wires were calibrated for 11 different yaw angles over a range of -30° to 30°, at four calibration velocities. Two fourth-order polynomials were used to fit the velocity versus voltage curves, and yaw coefficients were calculated for each yaw velocity. Freestream temperature was acquired with each data point and used for temperature correction. Therefore given a recorded voltage pair, the cooling velocities and resulting u-v velocity components could be calculated 16 . Figure 3 presents baseline velocity profiles for the ZPG and APG configurations measured 60 in downstream of the boundary layer trip. For ZPG measurements conducted at Ue = 53.9 ft/s, the boundary layer thickness was δ = 1.08 in, displacement thickness was δ* = 0.163 in, shape factor H = 1.39, and Reθ ≈ 3220. The measurements were consistent with a canonical ZPG turbulent boundary layer. For the APG measurements the external freestream velocity at this location was Ue = 51.7 ft/s, the boundary layer thickness almost doubles to δ = 1.97 in, displacement thickness grows to δ* = 0.514 in, shape factor becomes H = 1.72, and Reθ ≈ 7900. At this location the pressure gradient parameter β = (δ*/τw)dP/dx = 1.83, which corresponds to a mild adverse pressure gradient flow 17 . The Clauser chart method was used to estimate the friction velocity for not only the ZPG profile but also the APG case since the pressure gradient parameter β < 2.
At the halfway point along the test section a bank of six voice coil type synthetic jet actuators are installed in a single cavity below the test section floor as shown schematically in Figure 4 . The coordinate system for the actuator boundary layer interaction measurements is defined such that the origin is located at the center of SJA slot on the center of the lower wall; where x is the streamwise direction, y is the vertical direction from the wall, and z is the spanwise direction from the center-line. The actuator cavity is covered with an aluminum plate with inserts for various exit slot geometries of a continuous spanwise width of h = 0.06 in and depth of 0.125 in. A Pragmatic 2714A 20MS/s waveform generator was used to apply an AC signal to the actuators. The driving sinusoidal waveform was sent to a Peavey GPS 3500 power amplifier to boost the input power. This stereo amplifier has a total harmonic distortion less than 0.1% and a slew rate of 40 V/s. A voltmeter was used to verify the voltage output to the actuators, and the current was measured with a Pearson current monitor, Model 2100. The actuator cavity pressure was measured using an unsteady differential pressure sensor with the reference open to the lab ambient pressure. The waveform generator signal was recorded and used as a reference for phase averaged hot-wire velocity measurements. 
III. SJA Characterization
The characterization and calibration of the synthetic jet was accomplished by traversing a miniature hot-wire across the exit plane of a 90 degree slot. The two main jet parameters controlled in the experiments were the non-dimensional stroke length, Lo/h, and the jet Reynolds number, Reo. To define these quantities, the periodic jet velocity is spatiallyaveraged across the exit plane by,
where h is the width of the exit slot. The stroke length is defined by
where τ = T/2, T = 1/f, and f is the set actuator frequency. The jet Reynolds number is defined as
where ν is the kinematic viscosity, and Uo is the average jet velocity defined as Figure 5 shows measurements of the time-averaged jet velocity across the slot width, and spatially-averaged velocity during the blowing half cycle for to a 10 volt, f = 120 Hz actuator setting. A test matrix with the actuator settings and resulting measured parameters for αjet = 90° slot configuration are summarized in Table 1 . The selected settings were used for each slot angle and were used to independently test and compare the effect of non-dimensional stroke length, Lo/h, and jet Reynolds number, Reo. The chosen settings were bounded by the operating limits of the actuation system, which has a preferred frequency of f = 120 Hz. Included in the table for reference is measured power consumption for each actuator setting. 
IV. Results and Discussion
A. Quiescent Air
Hot-wire measurements of the velocity field in quiescent air were conducted over the range of synthetic jet parameters with various slot geometries. Figure 6 shows time averaged velocity fields of the αjet = 90° slot for similar stroke lengths of Lo/h = 31.8-35.6, and increasing jet Reynolds number. It is clear that when the velocity field is nondimensionalized by the average jet velocity Uo, the flow fields show a similar pattern, with only slightly increasing jet expansion with Reynolds number. With the jet Reynolds number fixed in the range of Reo = 623-680, Figure 7 shows the phase averaged velocity field at the peak blowing portion of the cycle. As expected, the jet column height increases with stroke length. Figure 8 shows the resulting time averaged velocity fields when the slot angle is reduced from αjet = 90° and asymmetry is introduced. The formation of asymmetric vortices causes the jet to turn at an angle less than the slot angle and eventually convect downstream along the horizontal surface. Figure 9 shows that with the slot angle fixed at αjet = 45°, and similar jet Reynolds numbers, the increasing stroke length plays an important role in the velocity magnitude pattern. The lowest stroke length results in the largest time averaged velocity magnitude since each high frequency jet pulse remains in the measurement plane before the subsequent pulse. As the stroke length is increased, the actuator frequency is reduced, and the unsteady jet is convected farther downstream during the actuation cycle, out of the measurement plane. This results in a lower time averaged velocity for the same fixed measurement plane. 
B. Zero Pressure Gradient Turbulent Boundary Layer
Slot Angle Effect -ZPG
Velocity measurements were conducted over the range of synthetic jet parameters and slot geometries in the turbulent boundary layer wind tunnel for ZPG flow at Reθ = 3200, and Rex = 1.5 x 10 6 , where the characteristic length scale, x = 54 in, is the distance from the boundary layer trip at the start of the test section to the center of the actuator slot. Figure 10 shows the time average velocity flowfield measurements obtained with an x-wire for various SJA slot angle with actuator settings of Lo/h = 35.6 and Reo = 680. For the αjet = 90° slot angle, Figure 10a , the time average velocity field shows that the jet spreads away from the wall and extends to the outer portion of the boundary layer; there is little momentum transfer in the near wall region. However, the angled slots result in an attached wall jet and increased momentum in the lower portion of the boundary layer. This slot angle effect is also shown in the Reynolds stress contours in Figure 11 . Figure 12 . The velocity profiles are plotted with outer and inner variables. The wall-shear velocity, uτ , used for inner variable scaling was obtained using the Clauser chart method from the baseline data. This baseline value was used to normalize the velocity data for each of the controlled cases. Note that streamwise turbulence intensity and Reynolds stress profiles have coherent fluctuations removed from the turbulent statistics. Each of the profiles for the SJA with angled slots have similar behavior. The velocity profiles show added momentum in the near wall region, which correspond to reduced turbulence and Reynolds stress in that region. The velocity profile for the 90° degree slot is similar to the baseline case, and the turbulence and Reynolds stress increase in the lower 50% of the boundary layer. 
Jet Reynolds number and Stroke length effect -ZPG
The effect of jet Reynolds number on time averaged ZPG boundary layer profiles at x/h = 50 for the slot with αjet = 45°, and a fixed range of non-dimensional stroke length, Lo/h = 31.8-35.6, is shown in Figure 13 . It is clear from the inner variable profiles, at this downstream location, that the momentum addition to the near wall region increases with increasing jet Reynolds number. The corresponding decrease in the Reynolds stress is consistent with the formation of an attached wall jet as the velocity gradients increase with jet Reynolds number. A comparison of different non-dimensional stroke lengths at a fixed Reo = 623-680 is shown in Figure 14 . The controlled velocity profiles show little variation for the range of Lo/h tested. The Reynolds stress reduction region shows a weak but noticeable trend toward zero with increasing stroke length.
The streamwise effect on the displacement thickness, δ*, due to increasing jet Reynolds number is shown in Figure  15a . For the largest jet Reynolds number Reo = 943, at a streamwise location 120 slot widths downstream of the actuator, the displacement thickness is reduced by 22% compared to the baseline case. Figure 15b shows a slight trend of displacement thickness reduction with increasing stroke length, which mirrors the trend seen in the Reynolds stress profiles. 
Phase Averaged Velocity Field -ZPG
The measured velocity signal and the actuator input signal were recorded simultaneously, which allows for a phase reference of the unsteady flow-field. Data was reduced using a triple decomposition 18 . The phase average velocity ) ( u  was calculated using a peak detection algorithm to identify each actuation cycle. Data for each cycle was divided into 72 individual bins corresponding to a given phase angle, Δϕ = 5°, over the unsteady Figure 16 shows a typical sequence of the velocity field for a 45 degree slot with synthetic jet parameters of Lo/h = 35.6, and Reo = 680. The sequence captures the peak blowing portion of the cycle at ϕ = 40°, and the flowfield at peak suction at ϕ = 220°. 
C. Adverse Pressure Gradient Turbulent Boundary Layer
Measurements of the SJA/boundary layer interaction were repeated for the APG configuration. The APG turbulent boundary layer flow measurements were conducted for Rex = 2.0 x 10 6 , where the characteristic length scale, x = 54 in, is the distance from the boundary layer trip at the start of the test section to the center of the actuator slot, and the freestream velocity was measured at the entrance of the test section with the pitot-static probe. This freestream condition at the test section entrance corresponds to a similar velocity ratio at the actuator under the APG, when compared to the ZPG case. The Reynolds number based on the measured momentum thickness at the actuator was Reθ = 6880.
Slot Angle Effect -APG
The effect of slot angle on time averaged velocity flowfield is shown in Figure 17 for an actuator setting of Lo/h = 35.6 and Reo = 680. The αjet = 90° slot angle shows the time averaged jet acts like a fence which produces a blockage effect on the boundary layer flow, which transfers momentum to the outer portion of the boundary layer. There is little momentum transfer toward the near wall region and minimal change to the downstream boundary layer flow. The angled slots result in near wall momentum addition both upstream and downstream of the slot. Far downstream of the slot, x/h = 40-50, the angled slots results in a similar flowfield with momentum addition in the lower 25% of the boundary layer. Figure 18 shows the effect of the slot angles on the Reynolds stress contours. There is increased Reynolds stress downstream of the αjet = 90° slot and reduced Reynolds stress downstream of the angled slots. These findings are also shown in the time averaged profiles at x/h = 50 in Figure 19 . The inner scaling velocity profiles show that the results of the 90° slot are similar to the baseline measurements at this location, and the angled slot profiles collapse to a common curve, with increased skin friction. The turbulence intensity profiles show an Figure 20 shows the effect of jet Reynolds number on time averaged APG boundary layer velocity profiles for the slot with αjet = 45°, and a fixed range of non-dimensional stroke length, Lo/h = 31.8-35.6. The outer variable scaled profiles shows increased momentum addition in the near wall region as the actuator control authority is increased through the jet Reynolds number at this streamwise location, x/h = 50. For the inner variable scaling, scaled by the friction velocity of the baseline case, Figure 20b shows that the increased jet Reynolds number is consistent with an increase in the skin friction at this downstream location. Figure 21a shows the dramatic effect the jet Reynolds number has on the Reynolds stress distribution. For the largest jet Reynolds number, Reo = 943, shows significant reduction of the Reynolds stress for the lower half of the boundary layer. In fact, the minimum value of the Reynolds stress is still less than zero at y/δ = 0.2, even 50 slot widths downstream due to the velocity gradients associated with the strong wall jet for this actuator setting.
Jet Reynolds number and Stroke length effect -APG
The effect of the increasing jet Reynolds number on the anisotropy coefficient is shown in Figure 21a . The anisotropy coefficient is defined as
, and is typically maximum in the near wall region where most of the turbulent energy is produced. Keirsbulck et al. 13 showed that steady blowing resulted in significant reduction in the anisotropy coefficient in the near-wall region. Similarly here, the synthetic jet unsteady excitation results in a reduction of anisotropy in the near wall region. For the highest jet Reynolds number the anisotropy coefficient is reduced over the entire lower half of the APG boundary layer. The velocity and Reynolds stress profiles of the APG boundary layer controlled with a range of non-dimensional stroke lengths at a fixed Reo = 623-680 is shown in Figure 22 . Velocity profiles show a slight increase in near wall momentum addition with increasing Lo/h, and the near wall Reynolds stress reduces with increasing stroke length. The streamwise development on the boundary layer shape factor, H = δ*/θ, for the range of non-dimensional actuator parameters is shown in Figure 23 . The maximum shape factor reduction occurs at x/h = 36, for the largest jet Reynolds number Reo = 943, and corresponds to a 12% reduction compared to the baseline case. Figure 15b shows that downstream of actuation the reduction is shape factor tracks with increasing stroke length. 
Freestream Reynolds number variation -APG
With the SJA parameters fixed at Lo/h = 35.6 and Reo = 680 for the αjet = 45° slot, the freestream velocity was varied for the APG configuration. The significant effect the freestream Reynolds number has on the time averaged velocity field, for fixed control authority, is shown in Figure 24 . Not only does the increased velocity ratio result in substantial momentum addition downstream of the actuator for reduced freestream velocities, but there is also significant thinning of the boundary layer upstream of the slot due to the increased velocity ratio during the suction phase of the synthetic jet actuation cycle. These finding are also illustrated in the streamwise development of the shape factor shown in Figure 
Phase Averaged Velocity Field -APG
The phase-averaged velocity field with respect to the actuator input signal is presented as a sequence in Figure 27 for the APG turbulent boundary layer with the 45 degree slot Lo/h = 35.6 and Reo = 680. The peak blowing portion of the cycle occurs at ϕ = 40°, and the wall jet then convects downstream for subsequent phase angles and eventually lifts up away from the wall. A pocket of low momentum fluid from upstream of the slot is lifted off the wall and convects downstream along the top of the convected front of the jet. The flowfield at ϕ = 220° shows boundary layer thinning upstream of the actuator slot due to the suction portion of the cycle. Figure 28 shows the phase averaged velocity and Reynolds stress profiles measured at x/h = 50. The plotted phase angles represent the typical bounds of the profiles for the actuation cycle. For the inner velocity scaling presented in Figure 28a , the friction velocity used for scaling was based on the baseline velocity data. Since the variation of the velocity profiles at this measurement location and for this actuator setting was minimal, the Clauser chart method was also applied to each controlled profile for the unsteady actuation cycle. The resulting estimate of the skin friction coefficient as a function of phase is presented in Figure 29 . The phase averaged skin friction coefficient shows a positive offset from the baseline value, Cf = 0.00165, and a sinusoidal variation throughout the phase. One way to analyze the effect of the Reynolds stress on the skin friction of controlled flows is the so called FIK identity presented by Fukagata et al. 19 The FIK identity can be used to decompose the mean skin friction coefficient of wall-bounded turbulent flows into three contributing terms. These sources include the laminar contribution, the turbulent contribution, and the spatial variation of the boundary layer. It provides a direct relation between the skin friction coefficient and the Reynolds stress distribution. For a flat plate boundary layer case, the turbulent contribution to the skin friction coefficient is defined as:
This weighted integral approach of the Reynolds stress was applied for the unsteady SJA control case with Lo/h = 35.6 and Reo = 680. The phase averaged turbulent contribution to the skin friction coefficient is also presented in Figure 29 . It is clear that the variation of the turbulent contribution is out of phase with the total skin friction coefficient. In order to investigate this issue further, the streamwise development of the phase average Cf,2 was calculated for the same actuator and APG boundary layer conditions. These results are presented in a contour plot in Figure 30 . The peak blowing originating at x/h = 0 and ϕ = 40°, results in a reduction in the turbulent contribution to the skin friction downstream of slot. The peak suction located at x/h = 0 and ϕ = 220° results in a reduction upstream of the slot. The phase and space contour clearly shows the convection of the effect originating from the blowing portion of the cycle. The streamwise development of the time average turbulent contribution to the skin friction for increasing jet Reynolds number is presented in Figure 31 . The velocity profiles for this case clearly showed an increase in the mean skin friction coefficient with jet Reynolds number, but the results here show a reduction in the turbulent contribution as the jet Reynolds number increase. Both the time average and phase average results shows that the mechanism for increased skin friction, which is beneficial for boundary layer separation control, is not due to turbulent coherent structures resulting from the SJA excitation. Rather, it can be concluded that the spatial variation of the boundary layer due to reduction in shape factor and the unsteady forcing of the wall jet are the primary contribution to the increase in skin friction coefficient. 
V. Summary and Conclusions
This experimental effort generated a comprehensive database of the interaction of two-dimensional ZPG and APG turbulent boundary layers with a synthetic jet actuator. The test matrix considered the SJA parameters of the nondimensional stroke length, jet Reynolds number, and the angle of the spanwise slot. The selected settings, bounded by the operating limits of the chosen actuator, were used for each slot angle to compare the effect of Lo/h and Reo independently for quiescent air and the boundary layer flows. Measurements in quiescent air show that each actuator parameter and each spanwise slot angle resulted in distinctly different time averaged and phase averaged flowfields. When cross flow was introduced, the boundary layer control effect was shown to be highly sensitive to slot angle between 90 and 60 degrees. From 60 to 30 degrees there is much less variation as the jet turns and follows the surface just downstream of the slot. Actuation with the 90 degree slot produces a blockage effect on the boundary layer flow, while the angled slots resulted in an attached wall jet.
Further studies of the 45 degree slot were conducted to quantify structural changes to ZPG and APG boundary layer flows. The boundary layer control authority, in terms of momentum addition and shape factor reduction, for a fixed jet Reynolds number and stroke length, decreased with increasing freestream velocity. For a fixed freestream Reynolds number, the results from the ZPG and APG cases both show that, for the range of parameters tested, the boundary layer control is more sensitive to the jet Reynolds number parameter than the non-dimensional stroke length. The resulting profiles of the Reynolds stress distribution and the anisotropy coefficient showed that the turbulent boundary layer flow undergoes structural changes in the time averaged sense due to the SJA excitation. Phase averaged measurements of the boundary layer and SJA interaction captured not only the sequence of the pulsed blowing jet, but also the upstream thinning of the boundary layer due to the suction portion of the cycle.
Synthetic jet excitation is a reliable method for momentum addition and control of near wall turbulent flow. Implementation of SJA or any AFC technology in a real world application will require the extensive use of large scale simulations and a net benefit for the aircraft/rotorcraft from a power perspective. This experimental dataset in a canonical ZPG turbulent boundary layer flow and a mild APG flow provides a validation case for future active flow control simulations. Future studies should consider the interaction of a SJA with a strong adverse pressure gradient 4 American Institute of Aeronautics and Astronautics near separation, which is more representative of the operational environment. Additional studies should also consider the internal slot geometry and curvature, input waveform, spanwise segmentation, and multiple streamwise actuator rows. Continuing to explore the link between these parameters and the characteristics of the boundary layer flow, could improve AFC effectiveness and efficiency, which reduces the actuation power required for a certain drag/download reduction specification.
